The inventory of high-level radioactive waste in the UK is likely to be disposed of in a geological disposal facility, which will generate gases due to processes such as anoxic metal corrosion and water radiolysis. Such gases have the potential to migrate through the repository system and may be detrimental to the engineered barrier system by damaging the physical fabric of the buffer material through the build-up of pressure. An investigation into the migration of gases and the ranges of gas pressures expected in such a repository is presented. A model of gas transport is presented to simulate the transport of gases in conjunction with coupled thermo-hydro-chemical-mechanical processes. This model includes a boundary condition linking the corrosion behaviour to gas generation and water supply. A realistic range of gas generation rates has been established from available data alongside realistic ranges of material properties of a bentonite buffer. Numerical simulations were then undertaken for a range of realistic scenarios considering the corrosion processes and buffer properties.
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Introduction
High-level radioactive waste (HLW) exists throughout the world, mainly as a result of power generation. It is a heat-producing, long-lasting waste, characterised by low volumes and high radioactivity. For example, in the UK, HLW contains 92% of the radioactivity and only 2% of the waste volume of the radioactive waste inventory (CoRWM, 2006) . The most likely long-term disposal option is deep geological disposal, where the waste is contained at approximately 500 m depth. The HLW will be contained within a multi-barrier system (e.g. Norris, 2009 ) in which, usually, the waste is vitrified, contained within a metallic canister, and then placed into a geological disposal facility (GDF), surrounded by a compacted clay buffer of high swelling potential and low permeability (e.g. Norris, 2009 ).
In the initial period after the waste has been installed in the GDF and the GDF has been sealed, the thermal, hydraulic and mechanical behaviour is of importance for the analysis of safety (e.g. Thomas et al., 2012; Yong et al., 2010) . In particular, the initial hydration of the compacted clay buffer is important and it is governed by the coupled thermal-hydraulic-mechanical (THM) behaviour. Following hydration of the clay buffer, which may take tens to hundreds of years, anaerobic corrosion of the metallic components may occur. At this point, heat generation from the waste will be reduced, so that water is not as readily converted to vapour and transported away from the canister. Several gas species may be generated -hydrogen (H 2 ), helium (He), water vapour, carbon dioxide (CO 2 ) and methane (CH 4 ) -although hydrogen from metallic corrosion is likely to be the dominant gas generated (Bonin et al., 2000; Norris, 2009) . Generation and migration of these gases could affect the buffering capacity of the barrier by altering its physical and chemical properties. This phenomenon, which occurs in the longer term, has received less research attention than the short-term THM phenomena (Gens et al., 2001) and therefore the numerical models are underdeveloped in comparison (Pusch, 2008) .
Norris (2009) summarised the gas flow processes in the context of a radioactive waste repository as characterised by Mallants and Jacques (2004) and Mallants et al. (2007) into the following four stages.
j Stage I: the generated gas can dissolve into the buffer pore water. Gas migration is by diffusion. j Stage II: the gas generation rate exceeds the diffusive transport capacity of the dissolved gas, which leads to the formation of a free gas phase. Increasing gas pressure results in gradual desaturation of the buffer. j Stage III: continuing gas generation will lead to increased pressures and the formation of a continuous gas phase. This stage initiates two-phase flow in the engineered barrier. Gas migration is mainly flow due to advection and further expulsion of water is expected. j Stage IV: increasing gas pressures lead to flow through preferential pathways such as new pore space from dilation or micro/macro-fractures.
Norris (2009) suggested that in some cases where the gas entry pressure is higher than the minimum principal stress, the behaviour could move directly and abruptly from stage II to stage IV.
The aim of this work was to simulate numerically the behaviour of a compacted clay buffer subject to gas generation and migration from corrosion under a range of realistic conditions prior to any fracturing processes (i.e. before stage IV). The consequential gas pressure is then reported. In Section 2, the background to the work is considered. Section 3 presents an overview of gas generation rates, which provides an input into the model considered here. The theoretical formulation, including a boundary condition representing the corrosion process, is presented in Section 4, with the modelling approach presented in Section 5. The results of the simulations are presented and discussed in Section 6, with a consideration of the practical engineering relevance given in Section 7.
This work was undertaken against a background of numerical model development within the scope of radioactive waste disposal at the Geoenvironmental Research Centre, Cardiff, and is integrated into the numerical code Compass (COde for Modelling PArtially Saturated Soil). The initial thermo-hydro-mechanical model was presented by Thomas and He (1998) and extension into chemical transport and reaction behaviour is described by Seetharam et al. (2011) . Part of this work was initially presented in a report for the Nuclear Decommissioning Authority (Vardon et al., 2010 ). An initial model concerning reactive gas flow and behaviour, which complements this work, has since been produced (Masum et al., 2012) .
Background
In recent years, extensive research activities have been carried out to investigate the THM behaviour of engineered buffers by means of both numerical and experimental investigations (e.g. Dixon et al., 2002; Pusch, 2001; Thomas et al., 2009 Thomas et al., , 2012 . The majority of processes occurring are driven by the heat produced from the HLW and the water contained within natural bedrock. After this so-called thermal phase, the clay buffer is also likely to be fully saturated immediately adjacent to the canister, therefore anaerobic corrosion and production of repository gas can occur. The combination of long-term disposal and slow corrosion behaviour characterises the issue of gas generation and migration in buffers for radioactive waste disposal and also creates a challenging environment for research.
Several experimental programmes have been carried out by various researchers to understand the dominant mechanisms of gas transport through variably saturated compacted clays (e.g. Galle, 2000; Graham et al., 2002; Harrington and Horseman, 2003; Horseman et al., 1999; Pusch et al., 1985) . In almost all of the programmes, a fully saturated buffer is considered, which results in extremely low gas permeability due to the pores being filled with pore water. Gas breakthrough (where gas is detected being released from the buffer) and pressure evolution are important features that have been recorded in the experiments. Various boundary conditions (e.g. flexible, restrained) and various gas injection rates or pressures have also been considered. In the majority of cases, flow by means of dilation/fracture processes has been concluded, occurring due to high gas pressures. A typical response found was that gas pressures were able to increase with only limited flow, until a critical pressure; thereafter, gas flow was able to occur more easily and pressure was reduced (Galle, 2000; Graham et al., 2002; Harrington and Horseman, 2003; Horseman et al., 1999; Pusch et al., 1985) . Additionally, none of the experimental works showed a large degree of clay desaturation. However, it must be noted that the results of relatively short-term (for geological disposal) experimental studies cannot be fully conclusive as not all processes can be scaled with time and, in particular, all of the experiments used gas generation rates in excess of rates occurring due to corrosion.
The conceptualisation of gas migration phenomena through clays has been considered by a number of researchers. Ortiz et al. (2002) considered that, below the threshold pressure of gas entry, diffusion mechanisms play a dominant role in gas transport until a gas threshold pressure is exceeded and the clay fabric may deform. Rodwell et al. (1999) predicted that increasing gas pressure would simply force the clay minerals apart at the mouth of the largest pathway or where discontinuities already exist. It was further hypothesised by Alonso et al. (2006) and Olivella and Alonso (2008) that at high degrees of liquid saturation gas migration might take place as a combined phenomenon of two-phase flow and the development of pressure-induced pathways, with the pathways suggested to play a dominant role in low-permeability clays. It was, however, concluded by Birgersson et al. (2008) that a gas phase would not have access to pores filled with water because of the strong interaction between water molecules and counter ions and, therefore, for a gas to enter an initially saturated clay, consolidation of the clay-water system should take place. The model was verified with experimental results obtained by Harrington and Horseman (2003) . Senger et al. (2008) carried out a numerical investigation of two-phase flow phenomena. It was suggested that desaturation of bentonite by displacement of generated hydrogen is unlikely and requires a pressure of more than 80 MPa. The pressure at this range is significantly higher than the minimum principal stress of a GDF. It was reported that gas pressure build-up was reduced, considering water consumption within the corrosion process, and that the gas pressure build-up under realistic corrosion conditions was unlikely to reach the pressures required for the fracture process. However, details of the gas migration processes and parameters used included within the model were not given, although both advective and diffusive gas flow were considered.
None of the models previously reported contain a full characterisation of realistic generation rates, water consumption and transport, liquid/gas advective transport, liquid/gas diffusive transport (including gas dissolution into water) and gas pressure evolution. It is these conditions that govern the migration of gas and the potential of gas to lead to dilatant/fracture flowing conditions; they are therefore important to understand prior to the onset of fractures. Should gas pressures increase and fracturing occur at a late stage, a number of models for pressure-induced fracturing exist, although they have not yet been applied to buffer materials for radioactive waste materials (e.g. Boone and Ingraffea, 1990; Réthoré et al., 2008; Secchi and Schrefler, 2012) .
Gas generation rates
The gas generation rate, as input to the numerical model, is critical for understanding flow behaviour within the buffer material. A realistic rate allows both time and gradient-dependent processes to be appropriately considered.
Generation of gas in a high-level nuclear waste disposal facility occurs due to water vaporisation, water radiolysis, microbial activities and metallic corrosion (e.g. Bonin et al., 2000; Environment Agency, 2008) . After the thermal phase, water vapour will be limited due to high water saturation, and microbial activities may reduce the net amount of gases due to metabolic activities (Ortiz et al., 2002) . Therefore hydrogen gas generation due to metallic corrosion is thought to be the dominant generation mechanism (Kursten et al., 2004) , with iron being the dominant metal.
Corrosion of the iron component of the waste-containing canisters under anaerobic conditions produces hydrogen gas (H 2 ) and a solid corrosion product, magnetite (Fe 3 O 4 ), as the dominant and stable chemical reaction under these conditions, which is described by the redox reaction I. Other reactions occur, for example creating ferrous hydroxide (Fe(OH) 2 ) which then converts thermodynamically to magnetite, water and hydrogen (e.g. Ortiz et al., 2002) .
This chemical reaction indicates that for each mole of hydrogen generated, 1 mol of water is consumed. Volckaert and Mallants (1999) estimated the kinetic hydrogen gas generation rate for a thin steel plate as
where R m is the gas generation rate (mol/year), S is the reactive 2 ), R c is the corrosion rate (m/year), r is the density (in this case of steel % 7900 kg/m 3 ), m is the stoichiometric factor, which for the chemical reaction mentioned above can be taken as 4/3 for the generation of hydrogen (based on reaction I), M is the molecular weight (in this case of iron % 55 . 85 g/mol) and f Fe is the fraction of iron in the steel, which has been taken as 0 . 99 for the steel canisters/iron overpack for HLW.
It is therefore the corrosion rate of iron within the metallic canisters that governs the generation of repository gases. The corrosion rate is also affected by environmental factors such as pH, contact material, temperature, surface chemistry and the transport of corrosion products. Various experimental studies have been carried out under various environmental conditions (Kursten et al., 1996; Marsh and Taylor, 1988; Marsh et al., 1983; Papillon et al., 2003; Simpson and Valloton, 1986; Simpson et al., 1985; Smart et al., 2006; Taniguchi et al., 2004) , with corroborating natural analogue studies (Miller et al., 2000) . Gas generation data collated from the literature are shown in Figure 1 , which reveals that there is over an order of magnitude difference among the reported values. These differences are likely to be due to the environmental factors listed above and measurement difficulties at low production rates. Additionally, further environmental changes may increase the range of corrosion possible (e.g. acidification due to dissolving hydrogen, increasing corrosion, or a protective iron oxide film reducing corrosion).
The corrosion rate is also dependent on the available moisture. Moisture is consumed within the corrosion reaction and then replacement moisture must be transported through the surrounding buffer before being available for further corrosion. Brown and Masters (1982) reported experiments on iron corrosion under atmospheric conditions that indicated a decrease in corrosion rate when the relative humidity dropped from 90% to 60%. Thermodynamic considerations also predict that gas production stops when hydrogen partial pressure increases above 40 MPa (Neretnieks, 1985) ; however, these pressures are unlikely to be sustained in a GDF due to lower in situ rock stresses.
Theoretical formulation and key processes
The model is formed with the following primary variables: pore water pressure, u l ; gas phase chemical species concentration, c Simulation of repository gas migration in a bentonite buffer Vardon, Thomas, Masum, Chen and Nicholson concentration to pressure and in future developments in the rate of chemical reactions; it is therefore included within the formulation, but not as a solvable primary variable. The formulation for moisture and deformation follows that of Thomas and He (1998) , with the dissolved chemical behaviour following the work of Seetharam et al. (2011) . Therefore, only the gas migration equation is described here in detail. The dissolved chemical equation is included because the migration of dissolved gas is important.
The gas phase is quantified by means of chemical concentration, for ease of converting into the liquid phase and so that geochemical reactions may be included later. The concentrations may be converted into pressure, by the ideal gas law
where u g is the pore gas pressure, N is the number of gas species and R is the universal gas constant. The governing equation for gas migration is formed by the principle of conservation of mass Net rate of change of moles ¼ Net rate of molar flux AE Net rate of moles gained or lost due to the source=sink
3:
The only sink/source terms considered in this work are from gas generation at the boundary or by the change of phase due to gas dissolution or effervescence, but can also be used for changes in chemical species due to chemical reactions. The governing equation (Equation 3) can be written
where Ł g is the gas saturation, @V is the incremental volume, t is time, v i g is the advective gas flux of species i, v i dg is the diffusive gas flux and R i g!d is the sink/source term of gas species i from gas to dissolved form. The advective flux is considered by Darcy's law and the diffusive flux is defined by Fick's law. The dissolved chemical governing equation can be defined in the same way as
where Ł l is the liquid saturation, v , conserving mass. Both sink/source terms encompass both dissolved-to-free gas and free gas-to-dissolved processes and represent the net effect.
The advective (Darcian) flux terms are defined as
where x represents either g (gas) or l (liquid), K is the conductivity and ª is the unit weight. The Fickian diffusion terms are defined as
where Sr is the degree of saturation and D is the diffusion coefficient. The sink/source term is defined by use of Henry's law, relating the free and dissolved chemical species by Henry's coefficient of solubility
It is noted that K H varies proportionally with gas pressure under isothermal conditions.
Corrosion boundary conditions
Casting Equation 1 as the generation rate per area and multiplying by the molecular weight of hydrogen and water respectively gives the fluxes, if water is available from the buffer for the corrosion process
It is assumed that the water is able to reach the steel at an equal rate independent of time beyond the buffer boundary; that is, corrosion products do not incrementally impede the water movement over time within the steel. However, this effect could be included by means of modification to the corrosion rate R c in Equation 1.
The maximum boundary fluxes can be written as a function of each other and linked by
where AE is the ratio of molecular weights. To allow for the observed decrease in corrosion rate when the relative humidity reduces, the factor d ¼ f (Sr) is introduced, yielding the final form of the fluxes as
q w ¼ ÀdAER g
13:
The function d has been given two possible forms due to a lack of information. The first is referred to as a step-change condition where, above a critical degree of water saturation Sr c , d ¼ 1 and below the critical degree of water saturation d ¼ 0. The second is where, above the same critical value of degree of saturation, d increases from 0 to 1 at S r ¼ 1. In this case, a linear expression has been adopted as a first approximation due to a lack of data.
Modelling approach
The theoretical model was numerically implemented into a finiteelement model. A series of one-dimensional analyses based on a series of illustrative realistic scenarios was undertaken. The domain is based on the KBS-3V reference concept (SKB, 2006) -copper canisters with cast iron inserted vertically at a depth of approximately 500 m in saturated granite rock with a compacted bentonite buffer. Realistic material parameters were used for all materials in the domain (e.g. from the Hard Rock Laboratory in Sweden and the buffer material used in the SKB Prototype Repository (e.g. Johannesson et al., 2007) ), but are excluded here for brevity; a full description is given by Vardon (2009) . The soil water characteristic curve is noted to have an air entry value of approximately 10 MPa, therefore any desaturation is likely to occur due to water consumption and not two-phase flow. The material parameters and fluxes that are varied are defined in Section 5.1. Gas generation and water consumption due to metallic corrosion are represented by boundary conditions at the buffer boundary. Hydrostatic boundary conditions for a depth of 500 m and gas saturation are considered at the far-field boundary as a conservative condition. The domain is illustrated in Figure 2 . For the analyses, the buffer was discretised into 20 finite elements and the host rock into 50 finite elements with smaller elements nearer to the boundary where flux conditions were applied and higher gradients expected. Simulation results were checked for spatial and temporal convergence by halving both the timestepping regime and spatial discretisation and checking that the results were within 1% tolerance. A variable time-step regime was used to allow the time-step to increase or decrease, depending on convergence criteria.
Should the gas pressure reach the sum of the pore pressure and swelling pressure of the bentonite (the fracturing threshold), there is a possibility of pneumatic fracture occurring. Full confirmation of this value is required experimentally. In this work (supported by large-scale experimentation (Johannesson et al., 2007) ) the value was set at 10 MPa.
Scenarios
The parameters developed include the major material parameters and boundary conditions governing j dissolved diffusive gas transport j advective transport of gas and water j gas generation.
These parameters are the dissolved diffusion, intrinsic permeability and the gas generation rate. For these parameters, realistic maximum and minimum scenarios were considered, as shown in Table 1 . The simulations are isothermal, with the temperature set at 293 K.
Discussion
A selection of simulation results is now presented. The results are shown in terms of gas pressure evolution at the buffer domain boundary, which is the highest pressure in the domain. Figure 3 shows the results of the analysis using the mid-point values from Table 1 . The figure shows that the maximum gas pressure is approximately 0 . 55 MPa, therefore in this case there is no risk of pneumatic fracture. Simulation of repository gas migration in a bentonite buffer Vardon, Thomas, Masum, Chen and Nicholson chance of pneumatic fracturing, with the maximum pressure achieved in the envelope simulations being about 20% of the likely fracturing threshold. This pressure does not occur until approximately 1000 years of corrosion and gas generation, illustrating the importance of understanding the long-term behaviour of the repository system. In this timescale, mineralogical change due to gas dissolution is also possible and must be further considered.
The gas pressure rate was found to be negligibly different in relation to varying the intrinsic permeability, therefore the pore water pressure was investigated. These results are shown in Figure 5 with the maximum realistic gas generation rate and therefore maximum water consumption rate. The pore water pressure results are also not influenced by a differing dissolved diffusion coefficient. It is shown that, while a reduced pore water pressure is exhibited with the minimum intrinsic permeability, the buffer remains saturated. This behaviour explains why the gas pressure is invariant with intrinsic permeability.
Practical relevance and potential applications
The work reported in this paper contributes to the analysis of radioactive waste repositories. The behaviour exhibited is likely to occur in the period when the radioactive waste reduces heat output and the buffer is saturated. The generation of gas by means of anaerobic metallic corrosion will occur and the gas must be able to migrate away from the repository for the repository to fulfil its function. The conceptual behaviour of gas migration has been recently investigated and a range of migration mechanisms have been identified. In addition, experimental investigations have been undertaken to further understand and quantify possible migration mechanisms. However, this work illustrates the importance of investigating these processes over realistic timescales and conditions. For some practical problems (e.g. radioactive waste disposal), this is only practically achieved by numerical simulation, where timescales can be measured in hundreds of years. This work has additional applications in both gas transport phenomena and long-term analysis, such as the long-term assessment of carbon dioxide sequestration.
Conclusion
An investigation into the ranges of gas pressures expected in a HLW repository has been presented. The gas, mainly generated by metallic (iron) corrosion, must migrate through a compacted clay buffer and the host rock. A model of gas transport is presented in the frame of coupled hydraulic, chemical and mechanic behaviour, and includes both gas generation and water consumption from the corrosion process. A practical range of gas generation rates has been established from available data on the corrosion process along with the available ranges of material properties for a compacted bentonite buffer. A number of scenarios have been developed, considering corrosion processes and buffer properties, and finite-element numerical simulations were then undertaken for these scenarios. It was found that, in all realistic cases, including realistic maxima and minima considered, the risk of pneumatic fracture was negligible. The main advantage of undertaking this work by means of numerical analysis is with regard to the long timescales at which these processes occur and the ability to analyse a range of realistic results and outcomes quickly. This study was undertaken as a generic scoping exercise and in many cases there is not yet enough experimental evidence fully to support all material parameter selections and characterise the material behaviour due to the long timescales over which the processes act. . Pore water profile along the buffer (300 mm) and rock in relation to a change in intrinsic permeability with maximum gas generation and water consumption rate at steady state
